From: Genetic Engineering with PCR 
ISBN 1-898486-05-0 © 1 997 Horizon Scientific Press, Wymondharn. U.K. 



4 



RAPID CYCLE AMPLIFICATION 
FOR CONSTRUCTION OF COMPETITIVE 
TEMPLATES 

Russell A. Brown, Maria Lay, and Carl T. Wittwer 
Abstract 

The time required for DNA engineering techniques can be significantly reduced 
with rapid temperature cycling. By air heating and cooling of I O^nj) samples in 
capillary tubes, 30 cycles of amplification can be completed in less than 15 min. 
Rapid cycle amplification can be used to construct internal competitive templates 
for quantitative PCR. In most cases, the natural amplicon and its primers arc avail- 
able. Insertions, deletions, or point mutations arc introduced into the natural amplicon 
to allow differentiation of natural and control templates. Only 2 overlap primers are 
required to insert any sequence from an inner fragment into an outer fragment, with 
optional replacement of any sequence in the outer fragment. Competitive templates 
that differ in GC content can be used to distinguish PCR products based on melting 
curves monitored with fluorescence during PCR, Rapid cycle amplification was 
used to modify a natural template through insertion of another fragment having 
different GC content. Alternately, a portion of the natural template was replaced by 
another fragment. In addition to reducing time and reagent requirements, rapid cy- 
cling techniques increase amplification specificity. Rapid cycling is particularly ad- 
vantageous when low volumes, small sample numbers, and multiple sequential 
amplifications are required. 

Introduction 

When multiple sequential PCR amplifications arc required for DNA engineering, 
rapid amplifications can reduce a scveral-uay process to less than a day. In particu- 
lar, engineering an insertion requires multiple steps (1). A simple, robust insertion/ 
replacement protocol that minimizes primer synthesis and the time required to gen- 
erate a final product is demonstrated here with rapid temperature cycling. 
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Rapid Cycle DNA Amplification 

Most instruments for temperature cycling arc very slow compared to the times re- 
quired for product denaturation, primer annealing, and polymerase action. Transi- 
tion times between temperatures are long because of the thermal mass and sample 
geometry of most systems. With instrumentation limits removed, amplification yield 
and product specificity are optimal when denaturation and annealing times are less 
than 1 sec (2, 3). This finding may be surprising, but merely reflects the poor match 
between standard instruments for DNA amplification and the physical/enzymatic 
requirements of the process. That denaturation and annealing steps can be reduced 
to such short times is not widely recognized. Cycle times can be significantly short- 
ened by turning the denaturation and anneal ing "plateaus" into temperature "spikes" 
(Figure 4.1). Whereas several seconds are required for the entire sample volume to 
reach equilibrium in conical plastic tubes, sample temperature vs. time plots in glass 
capillary tubes show sharp spikes at denaturation and annealing temperatures (3, 4). 
The physical (denaturation and annealing) and enzymatic (elongation) reactions of 
DNA amplification occur very quickly; with the proper instrumentation, amplifica- 
tion times can be reduced an order of magnitude from prevailing protocols. 

Standard temperature cyclers for PCR complete 30 cycles in about 2-4 hours. 
Rapid cycle DNA amplification uses temperature cycles of 20-30 sec, allowing 30 
cycles to be completed in 10-15 min (3, 4). These systems use capillary tubes as 
sample containers with hot air temperature control. Because of the low heat capac- 
ity of air and the thin walls and high surface area of capillary tubes, small volume 
samples can be cycled very rapidly The use of capillaries with forced air heating 
allows precise control of sample temperature at a speed not possible with other 
designs. Commercial rapid temperature cyclers arc available that minimize any per- 
ceived difficulty with working in capillary tubes (3). 

Figure 4. 1 compares 4 different sample temperature/time profiles and their re- 
sultant amplification products after 30 cycles. Profiles A and B were obtained on a 
standard heating block/microfugc tube system. The transitions between tempera- 
tures are slow and many nonspecific bands are produced. Some of the nonspecific 
bands can be eliminated by limiting the time at each temperature (A vs B) within the 
limits of the instrument. Profiles C and D were obtained with a rapid temperature 
cycler. Amplification is specific, and although yield is maximal in C (60 sec elonga- 
tion time), the product band is easily seen in D (10 sec elongation time). 



Competitive Templates for PCR Quantification 

Competitive templates arc commonly used as internal controls for PCR quantifica- 
tion (5). The control templates differ from the natural templates in some way that 
can be differentiated after amplification. If the amplification efficiency is the same 
for both templates, the relative concentration after amplification reflects the rela- 
tive concentration before amplification. Since the original concentration of the con- 
trol template is known, the concentration of the natural template before amplifica- 
tion can be determined. 
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Figure 4.1. Comparison of temperature cycle profiles in a standard heat block instrument (A and B) and 
rapid cycling instrumentation (C and D). Temperature -time profiles and amplification products were 
obtained after 30 cycles of amplification of a 536 bp p-globin fragment from human genomic DNA. Ten 
Hi samples were sizc-fractionatcd on a 1.5% agarose gel and stained with cthidium bromide. Sample 
temperature was monitored with a 0.2 mm diameter thermocouple probe (IT-23. Scnsortck, Clifton, NJ). 
Profiles A and B were obtained with 100 u.1 samples in microfugc tubes overlaid with 60 (il of mineral oil 
as recommended by the manufacturer (Pcrkin-Elmcr Cctus DNA Thermal Cycler, Norwalk. CT) In A, a 
typical protocol is shown (heating block at 93 °C for 1 min, 55 °C for 2 min. and 74 °C for 3 min). In B. 
the times were reduced so that the sample just momentarily reached dcnaluration and annealing tem- 
peratures (block at 92 °C for 35 sec, 55 °C for 35 sec, and 77 °C for 45 sec. Profiles C ( 1 min elongation) 
and D (10 sec elongation) were obtained with 10 *il samples in capillary tubes in a custom rapid air 
cycler. Reprinted with permission from BioTcchniqucs (2) 
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Quantification by competitive amplification requires that the amplification 
efficiencies of the control and natural templates be known, and preferably equiva- 
lent. Usually, the control and natural templates are amplified with the same primers 
to eliminate differences in primer annealing and extension initiation. Similarly, the 
templates are usually kept around the same size to minimize differences in the com- 
pletion of extension. When the amplified templates are separated on agarose gels, a 
minor difference in template size allows differentiation and seldom affects exten- 
sion efficiency. Different templates of the same size can still be analyzed on gels if 
a sequence change incorporates a restriction enzyme site. After amplification, the 
products arc digested with the restriction enzyme before electrophoresis. 

When simple agarose gel electrophoresis is used to separate control and natural 
products, the templates are usually amplified well into the plateau phase. In this 
case, it is advantageous to keep the control and natural templates nearly identical 
(i.e. a single base change) so that efficient hetcroduplex formation occurs. Double- 
stranded product formation during cooling largely determines the plateau effect of 
PCR (6). If the sequences of control and natural templates arc almost identical, 
heteroduplex formation should occur at nearly the same rate as homoduplex forma- 
tion and the amplification efficiency of both templates should decrease in parallel 
during the plateau phase. However, heteroduplcxcs may migrate differently than 
homoduplexes, complicating the gel analysis (5). 

One way to assure accurate quantification with competitive templates is to de- 
termine the amplification efficiency, of each template. This is now possible with 
continuous fluorescence monitoring using cither double-strand-spccific DNA dyes 
or sequence-specific resonance energy transfer probes (6-8). In addition, with the 
double-strand-spccific DNA dye SYBR™ Green I, fluorescence melting curves can 
identify and quantify products differing in T m during amplification (9). If a control 
template is engineered with a T m different than the natural template, fluorescence 
analysis during temperature cycling could assess the relative amounts of both tem- 
plates and determine the amplification efficiency of each. Control template T m can 
be modified by changing the length or GC content of the natural template. 



Insertion Method 

The insertion design is diagrammed in Figure 4.2 and has been previously described 
(1). Given two DNA fragments, two overlap primers arc required to define the ends 
of the inner amplicon and the position of insertion. Two additional primers specify 
the ends of the outer amplicon that harbors the insertion. The inner amplicon is first 
amplified with both overlap primers. Next, the inner amplicon is attached to each 
end of the outer amplicon in separate reactions by overlap extension and amplifica- 
tion with one outer primer and one overlap primer. The two intermediate products 
both contain the inner amplicon and arc mixed, extended and amplified to yield the 
full length product. 
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Figure 4.2. Method for inserting an inner amplicon into an outer amplicon. The outer (1) and inner (2) 
amplicons arc amplified from any source template (genomic DN A, plasm id, or longer ampticons). The 
outer amplicon (1) is obtained using primers 0 ( and 0 2f and contains contiguous attachment sequences 
At and A]. The inner amplicon (2) is obtained using primers l t and I 2 . However, primers Ii and I] arc 5* 
extended by attachment sequences A t and A] so that the inner amplicon includes the sequences Ajl) and 
A 2 l 2 at its termini. The inner and outer amplicons arc get purified ( 1 .5% agarose), the agarose dissolved, 
and the DNA absorbed and clutcd from a silica matrix (QIAquick gel extraction kit, Qiagcn, Chats worth, 
CA). In 3a, the A| sequence of the outer amplicon anneals to the complementary A|' sequence of the 
inner amplicon. The A|* sequence terminates at a free 3' end that scrvesas a primer for overlap extension. 
Primers Oi and A 2 I 2 exponentially amplify the product 0|...A|I ■...IpAa'. In 3b. the A 2 sequence of the 
outer amplicon anneals to the complementary A 2 * sequence of the inner amplicon. The A 2 ' sequence 
terminates at a free 3* end that serves as a primer for overlap extension. Primers 0 2 and A| 1 1 exponentially 
amplify the product 0 2 ...A 2 l 2 ...l£Xi'. The overlap-extension products arc gel purified as above. In 4 t 
combination of the two products from steps 3a and 3b provides free 3' ends at the termini of At* and A 2 ' 
(hat serve as primers for overlap extension. Primers 0| and 0 2 exponentially amplify the final product in 
which the inner amplicon from step 2 has been inserted into the outer amplicon from step 1. 
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Insertion Protocol 

A 193 bp, low GC fragment from exon 10 of the human cystic fibrosis gene was 
inserted into a 239 bp, high GC fragment of the 5' untranslated region of the hepa- 
titis C genome. Five amplifications were required (Figure 4.2). Rapid cycle DNA 
amplification was performed as previously described (2, 3) in 10 ^1 capillary rubes 
with 50 mM Tris, pH 8.3, 3 mM MgCl 2 , 0.2 mM each dNTP, 0.5 jiM each primer, 
sucrose (2% w/v) t cresol red (0.1 mM), bovine serum albumin (500 Hg/ml), 0.4 U 
of native Taq polymerase/10 \i\ and variable amounts of template as described be- 
low. Half of the bovine serum albumin (BSA) was included in a dilution buffer for 
the polymerase (250 ug/ml BSA, 10 mM Tris, pH 8.3) so that a I OX polymerase 
solution (0.4 U polymerasc/|ii) could be made from 5U/jil stocks. The remaining 
BSA and the Tris, MgCl 2 , sucrose, and cresol red were included in a 10X buffer. 
The dNTP mixture, primers, and template DNA were also used as 10X solutions so 
all reagents were added as 1 u.1 additions for each 10 \i\ reaction. Reagent solutions 
(except template) are available commercially (Idaho Technology, Idaho Falls, ID). 

A rapid air thermocycler was used for all amplifications (RapidCyclcr™, Idaho 
Technology). The annealing to extension temperature slope was always 3 °C/sec. 
The denaturation and annealing times were for "0" sec, meaning the temperature 
extremes were attained but only momentarily held. 

Formation of the Outer Amplicon 

A 239 bp amplicon of the hepatitis C genome was amplified from a larger amplicon 
that, was previously obtained by PCR amplification of the cDNA from a clinical 
isolate. The primers were O t (CGTCTAGCCATGGCGTTAGT) and 0 2 
(GCACTCGCAAGCACCCTATC) and 1 jitofa 10** dilution of the larger amplicon 
was used without purification. Thirty cycles of denaturation at 94 °C for 0 sec, 
annealing at 55 °C for 0 sec, and extension at 74 °C for 5 sec required 13 min. The 
10 (il product was sized fractionated on a 1.5% agarose gel, purified with a com- 
mercial kit (QIAquick gel extraction kit, Qiagcn, Chatsworth, CA) and elutcd in 50 
Hi of 1 OmM Tris, pH 8.0, 0.1 mM EDTA. 



Formation of the Inner Amplicon with 5' Overlaps to the Outer Amplicon 

A 233 bp amplicon including 193 bps of the cystic fibrosis gene was amplified from 
human genomic DNA. The overlap primers were A|Ij 
(ccgggagagccatagtggtcGACTTCACTTCTAATGATGA) and A 2 I 2 
(gtgtactcaccggttccgcaCTCTTCTAGTTGGCATGCTT), where the overlaps for at- 
tachment to the outer fragment arc indicated in small letters, and correspond to 
adjacent regions on complementary strands. Fifty ng of template DNA (1 [il of 
DNA with an A 2 6o of 1.0) were used. Ten cycles of denaturation at 94 °C for 0 sec, 
annealing at 45 °C for 0 sec, and extension at 74 °C for 5 sec were followed by 25 
cycles of denaturation at 94 °C for 0 sec, annealing at 55 °C for 0 sec, and extension 
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Figure 4_3. Jtiscrtion. Gel electrophoresis of original, intermediate and final products before purifica- 
tion. After amplification, 5 ul of each product was size-fractionated on 1 .5% agarose gc!s in the presence 
of 0.5 ^g/ml cthidium bromide. The products displayed arc: A), the original inner amplicon comprising 
233 bps from the human cystic fibrosis gene; B), the original outer amplicon comprising 239 bps of the 
hepatitis C genome; Q, a 286 base-pair intermediate overlap-extension product amplified with primers 
Oi and A 2 I 2 ; D). a 379 base-pair intermediate overlap-extension product amplified with primers Oj and 
A|[|, and E) the 432 base-pair final product. Some 239 base-pair outer amplicon can be detected along 
with the final 432 base-pair product in lane E. The outer two lanes contain DNA marker bands of 1000 
700, 500, 400, 300, 200, 100 and 50 bps (BioMarkcr™ Low, BioVcnturcs, Murfrccsboro, TN). 



at 74 °C for 5 sec. The amplification required 18 min. Ten (il of product was size 
fractionated, purified, and cluted as above. 



Formation of the Intermediate Overlap Products 

The inner and outer amplicons were combined and 1 [i\ of the mixture used as 
template in 2 different reactions to form the intermediate overlap products. Primers 
0! and A2I2 were used to attach the inner amplicon to one strand of the outer amplicon, 
while primers 0 2 and A| [ t were used to attach the inner amplicon to the complemen- 
tary strand. For both reactions, 2-tcmpcraturc cycling was used with 30 cycles of 
denaturation at 94 °C for 0 sec and a combined annealing/extension phase at 68 °C 
for 20 sec for a total cycling time of 18 min. Ten jil of each product was size 
fractionated, purified, and elutcd as above. 
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Formation of the Final Product 

The 2 intermediate overlap products were combined and 1 (il of the mixture used as 
template in the Final reaction. A single initial overlap extension step was performed 
without primers by denaturation at 94 °C for 0 sec and extension at 70 °C for 120 
sec. The capillary was opened and the 9 u;l solution mixed with 1 |il of a 10X solu- 
tion of primers 0j and O2. The sample was aspirated into the original capillary, rcsealed 
and temperature cycled 20 times at 94 °C for 0 sec, 55 °C for 0 sec, and 74 °C for 1 0 
sec. Overlap extension and amplification required 13 min. 

Agarose gel electrophoresis of all products is shown in Figure 4.3. The specificity 
of each amplification is good, although some original outer product can be detected 
in the final amplification. 



Method for Replacements, Small Insertions, and Deletions 

The general insertion method is very flexible and powerful. The inner and outer 
amplicons can be selected from any region of existing DNA and any attachment 
point can be chosen. If a replacement is desired instead of an insertion, the attach- 
ment sequences in the outer amplicon are separated (Figure 4.4A) so that the inter- 
vening sequence is deleted when the insertion method is followed (Figure 4.2). In 
the final product, the inner amplicon replaces the region of the outer amplicon that 
lies between the attachment sequences. 

When the sequence being inserted is greater than 30-40 bases, 2 overlap prim- 
ers and an external template are needed (Figure 4.2). When less than 35 bases are 
being inserted, no external template for formation of the inner amplicon is needed 
(Figure 4.2, step 2). Instead, the inner amplicon can be formed directly as a primer 
dimer with the insertion bases sandwiched between attachment sequences (Figure 
4.4B). The intermediate overlap and final products are then formed as in Figure 4.2 
(3a, 3b, and 4). 

When the sequence being inserted is less than 10 bases, only a single overlap 
primer of less than 50 bases is needed (Figure 4.4C). The single primer includes 
the insertion bases between both attachment sequences. When the overlap product 
(Figure 4.4C) is purified and combined with the outer amplicon and primer Oi, 
the final insertion or replacement product is formed. If the single overlap primer 
docs not include insertion bases (Figure 4.4D) and the attachment sequences are 
separated (Figure 4.4A), a deletion occurs. In summary, replacements, insertions 
or deletions of any size can be obtained. 



Replacement 

The 193 bp fragment from the human cystic fibrosis gene was used to replace a 76 
bp fragment lying between separated attachment sequences in the 239 bp fragment 
of the hepatitis C genome. The insertion protocol was used but primer A2I2 was 
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Figure 4.4. Method for replacements, small insertions, and deletions. For replacements, the attachment 
sequences A t and A; arc separated in the outer amplicon (Diagram A, compare to Diagram 1 in Figure 
4.2). When the insertion protocol diagrammed in Figure 4.2 is followed, the inner amplicon wilt replace 
the fragment of the outer amplicon that lies between A, and A 2 . Insertions of less than 35 bases can be 
constructed without exogenous template via a primer dimcr (Diagram B). The primers include the inser- 
tion sequence (1) and the primer dimcr formed serves as the inner amplicon of Figure 4.2. Insertions of 
less than 10 bases require only a single primer that contains the insertion bases (I) flanked by the attach- 
ment sequences, A | and Aj (Diagram C). The intermediate overlap product formed from Diagram C is 
purified and overlap extended in the presence of the outer amplicon and primer 0| to form the final 
desired product. If the initial overlap primer contains both attachment sequences but no insertion bases 
(Diagram D), a deletion will result if the attachment sequences arc separated in the outer amplicon 
(Diagram A). 



4 



♦ 



Brown et at. 



m A B C D E m 




Figure 4.5. Replacement. Gel electrophoresis of original, intermediate and final products before purifi- 
cation. After amplification, 10 Jil of each product was sizc-fraclionatcd on 1.5% agarose gels in the 
presence of 0.5 Jig/ml cthidium bromide. The products displayed arc: A), the original inner amplicon 
comprising 233 bps of the human cystic fibrosis gene; B), the original outer amplicon comprising 239 
bps of the hepatitis C genome; C), a 286 base-pair intermediate overlap-extension product amplified 
with primers 0i and A2I2; D), a 303 base-pair intermediate overlap-extension product amplified with 
primers O2 and A|Ii; and E), the 356 base-pair final product. The outer two lanes contain DNA marker 
bands of 1000, 700. 500, 400, 300, 200. 100 and 50 bps. 

modified (gcgggggcacgcccaaatCTCTTCTAGTTGGCATGCTT) so that attachment 
sequences Ai and A2 were separated by 76 bps in the hepatitis C genome (Figure 
4.4, A). Agarose gel electrophoresis of all products is shown in Figure 4.5, 



Guidelines for Optimization of Rapid Cycle PCR 

Using minimal denaturation and annealing times in rapid cycling helps simplify 
optimization. The denaturation and annealing times arc always kept at "0" sec, so 
there are only 5 parameters to vary (denaturation temperature, annealing tempera- 
ture, extension temperature, extension time, and number of cycles) instead of 7. 
The choice of the remaining 5 parameters depends on 1) the product T<j and T m , 2) 
the primer T m 's, 3) the product length, and 4) the starting template concentration. 

Product melting temperatures can vary over a 50 °C range depending on GC 
content and length (9). Product melting affects both the required denaturation tem- 
perature and acceptable extension temperatures. The denaturation temperature in 
PCR must be greater than the strand dissociation temperature of the product, Tj. 
Usually, a temperature between 90 °C and 94 °C is chosen as a convenient compro- 
mise between increased enzyme denaturation at higher temperatures and concern 
over not melting the product at lower temperatures. In practice, products <75% GC 
usually melt below 94 °C and 94 °C is commonly used as a default denaturation 
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Table 4.1. Suggested temperature and time parameters for rapid cycle DNA amplification 



Temperature (°C) 



Time (sec) 



Denaturation 

Annealing 

Extension 



94' 

30 + 0.5(primcrGC%) b 
74 c 




'for products with a high CC domain, consider adding DMSO, formamidc, and/or increasing the tem- 
perature. 

Mata extracted from (12). 

*may need to be lower for products with a high AT domain. 



temperature. For products with a higher GC content, such as the fragile X repeat 
(10), DMSO or formamide can be added, the salt concentration can be lowered 
and/or the temperature can be increased. In any case, extended denaturation times 
(denaturation times greater than 0 sec) arc not helpful. Product melting may also 
limit acceptable extension temperatures. Polymerization rates of Taq increase with 
temperature up to about 80°C, allowing faster cycling with higher extension tem- 
peratures. However, the extension temperature must be less than the product T mi or 
the polymerase may dissociate from the DNA instead of continuing to extend. This 
is a concern with low GC products, such as the variable repeat linked to the 
apolipoprotein B gene (11), where extension temperatures cannot be increased much 
above 65°C. 

The T m 's of the primers determine acceptable annealing temperatures. Although 
many commercial programs can estimate primer T m 's and suggest appropriate an- 
nealing temperatures, some empirical tuning is usually necessary because these pro- 
grams seldom adequately account for: I) salt concentrations (KG, Mg*"*, dNTPs), 
2) additives such as formamidc and DMSO, and 3) variations in temperature cy- 
cling. With conventional slow cycling and long annealing times, an annealing tem- 
perature several degrees above the primer T m may be appropriate, while with rapid 
cycling, a temperature nearer the T m may be required. The following "rule of thumb" 
between rapid cycling annealing temperature and GC content of the primer may be 
useful: 45 °C for 30% GC, 50 °C for 40% GC, 55 °C for 50% GC, 60 °C for 60% 
GC, and 65 °C for 70% GC. Under these conditions, amplification is (almost) al- 
ways successful somewhere between 1 and 4 mM Mg 4 "*. With gel purification of 
intermediate engineered products, no time is lost if a range of Mg** concentrations 
is tried and an acceptable product band is obtained. 

The product length determines the required extension time. At an extension 
temperature of 70-74°C, the following guidelines can be used to set extension times 
according to product length: M 0" sec for < 1 00 bps, 5 sec for 1 00r200 bps, 1 0 sec for 
200-400 bps, 15 sec for 400-600 bps, 20 sec for 600-800 bps, 30 sec for 800-1200 
bps, and an additional 30 sec for each kilobasc thereafter. The starting copy number 
and efficiency of amplification determine the number of cycles required. Table 4-1 
summarizes the above optimization guidelines for 3-stcp cycling. 
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With rapid cycle amplification, 3-step temperature cycling is usually faster than 
2-step cycling. This is because the annealing and extension conditions can be indi- 
vidually optimized in 3-step cycling and the extension temperature chosen for maxi- 
mal extension rates. Two-step rapid cycle amplification is also effective (e.g., the 
intermediate overlap products shown in Figure 4.3, lanes C and D). However, opti- 
mization guidelines for the combined annealing/extension step of 2-step rapid cy- 
cling have not been derived. 



Discussion 

Rapid cycle DNA amplification can decrease the time required for DNA engineer- 
ing techniques such as insertion protocols that require multiple sequential 
amplifications. The total amplification time for the 4 sequential amplifications for 
insertion or replacement was about 1 hour. Gel electrophoresis (3 x 30 min) and 
purification from the gels (2 x 30 min) required another 2.5 hours, allowing the 
entire procedure to be completed in half of a working day. Gel electrophoresis al- 
lows sequential monitoring of the construct, and gel purification increases the prod- 
uct purity at each stage. 

One disadvantage of this method is that gel purification requires a difference in 
size to be effective. If the outer amplicon is the same size as one of the intermediate 
overlap products, the outer amplicon will be present in the final amplification and 
will compete with the desired final product. In this case, reamplification of a 10"* 
dilution of the intermediate product will be more effective than gel purification in 
reducing the amount of outer amplicon. If the outer amplicon is near the same size 
as the final product, gel electrophoresis cannot be used to confirm successful modi- 
fication. In practice, it may be difficult to completely eliminate the outer amplicon 
(Figure 4.3, lane E), and reamplification after gel purification of the final product 
may be required. Despite these limitations, the procedure is simple and rapid, and 
should work well in nearly all cases. 

Part of the robustness of the method is attributable to rapid cycle amplification. 
Minimizing annealing times increases specificity (2, 3), and limiting denaturation 
times minimizes degradation (13). In addition to specificity advantages, it is easier 
to optimize rapid cycle amplifications than conventional slower procedures. When 
rapid cycling was used for allcle-spccific amplification, the annealing temperature 
could be varied over a 10-15 °C range, while only a 1-2 °C range was acceptable 
with slower, conventional cycling (4). 

An interesting possibility for automatic optimization uses fluorescence feed- 
back to control amplification parameters. For example, temperature cycling can be 
terminated when the amplification plateau is detected with fluorescent dyes (6-9). 
In addition, with a doublc-strand-spccific DNA dye, the denaturation temperature 
can be dynamically set by increasing the temperature each cycle only until dena- 
turation occurs. Similarly, the extension step of each cycle could be terminated 
when double-strand fluorescence plateaus or when a certain amplification efficiency 
is attained. Rather than empirical algorithms, the best solution to determining primer 
and product T m *s is to measure them, now routinely possible with these fluores- 
cence techniques (6-9). 
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Reagent requirements for rapid cycling in capillary tubes arc somewhat differ- 
ent from amplifications in conventional microfuge tubes. Bovine scrum albumin 
needs to be included in the buffer to prevent surface inactivation of the polymerase 
on the glass capillary surface. Magnesium concentrations arc usually higher than 
with conventional cycling to increase primer annealing rates. A "Rapid Cyclist Us- 
er's Group" maintains a web site with helpful hints, protocols, and applications 
(http://128.110.64.121). 

Rapid cycle DNA amplification is rapid, inexpensive and convenient. The per- 
ception that capillary tubes are difficult to work with quickly disappears with expe- 
rience. High-density additives and electrophoresis indicator dyes arc often included 
in the reaction buffer to simplify gel loading directly out of capillary tubes (2, 14). 
Reagent costs are minimized with small volumes. In general, rapid cycle DNA am- 
plification can be used in any construction technique, but is particularly advanta- 
geous when multiple sequential amplifications are required. 

References 

1. Horton, R.M. and Pease, L.R. 1991. Recombination and mutagenesis of DNA 
sequences using PCR. In: Directed Mutagenesis: A Practical Approach. M.J. 
McPherson, ed. IRL Press, Oxford, England, p. 217-247. 

2. Wittwer, C.T. and Garling, DJ. 1991. Rapid cycle DNA amplification: Time 
and temperature optimization. BioTcchniqucs. 10: 76-83. 

3. Wittwer, C.T., Reed, G.B. and Ririe, K.M. 1994. Rapid cycle DNA amplifica- 
tion. In: The Polymerase Chain Reaction. K.B. Mullis, F. Fcrrc and R.A. Gibbs, 
eds. Birkhauser, Boston, p. 174-181. 

4. Wittwer, C.T., Marshall, B.C., Reed, G.B. and Chcny, J.L. 1993. Rapid cycle 
allele-specific amplification: Studies with the cystic fibrosis delta F508 locus. 
Clin. Chem. 39: 804-809. 

5. Ferre, R., Pezzoli, P. and Buxton, E. 1996. Quantitation of RNA transcripts 
using RT-PCR. In: A laboratory guide to RNA: Isolation, Analysis, and Synthe- 
sis. PA. Krieg, ed. Wilcy-Liss, New York. p. 175-190. 

6. Wittwer C.T., Herrmann, M.G., Moss, A. A. and Rasmusscn, R.P. 1997. Con- 
tinuous fluorescence monitoring of rapid cycle DNA amplification. 
BioTcchniqucs. 22:130-138. 

7. Wittwer C.T., Ririe, K.M., Andrew, R.V., David, D.A., Gundry, R.A. and Balis, 
U.J. 1997. The LightCycIer™: A microvolumc, multisampic fluorimctcr with 
rapid temperature control. BioTcchniqucs. 22:176-181. 

8. Wittwer C.T., Ririe, K.M. and Rasmusscn, R.P 1997. Fluorescence monitoring 
of rapid cycle PCR for quantification. In: Gene Quantification. F. Fcrrc, cd. 
Birkhauser, New York. In press. 

9. Ririe K.M., Rasmusscn. R.P and Wittwer, C.T. 1997. Product differentiation 
by analysis of DNA melting curves during the polymerase chain reaction. Anal. 
Biochcm.-fcs^fcosijr 1H5 1 l5i-lto. 

10. Erstcr S.H., Brown, W.T., Gooncwardcna, P., Dobkin, C.S., Jenkins, E.C. and 
Pcrgolizzi, R.G. 1992. Polymerase chain reaction analysis of fragile X muta- 
tions. Hum. Genet. 90: 55-61. 



13 



I ■■—HriwUI I 



+ 



Brown et ai 



11. Ludwig E.H., Friedl, W. ( and McCarthy, B.J. 1939. High-resolution analysis of 
a hypcrvariable region in the human apolipoprotcin B gene. Am. J. Hum. Genet 
45: 458-464. 

12. Rasmussen, R. and Reed, G. 1992. Optimizing rapid cycle DNA amplification 
reactions. Rapid Cyclist. I: 1-5 (http://128.110.64.121). 

13. Gustafson, C.E., Aim, R.A. and Trust, TJ. 1993. Effect of heat denaturation of 
target DNA on the PCR amplification. Gene, 123:241-244. 

14. Hoppe, B.L., Conti-Tronconi B.M. and Horton, R.M. 1992. Gel-loading dyes 
compatible with PCR. BioTechniques. 12: 679-680. 



14 



~i 





Time (min) 



1. Outer Amplicon 

(- r-or^ 1 a, i 

) 1 a 2 i 

2. Inner Amplicon 




3. Intermediate Overlap Products 
a. 



b. 




4. Final Insertion Product 

I Ol P 1 A, I, I 1 l 2 ' 



A. Replacements 



Ai 



B. Insertions <35 bases 




D. Deletions 




